Because the forming mechanism of underwater acoustic signal is complex, it is difficult to establish the accurate predicting model. In this paper, we propose a nonlinear predicting modeling method of ship radiated noise based on genetic algorithm. Three types of ship radiated noise are taken as real underwater acoustic signal. First of all, a basic model framework is chosen. Secondly, each possible model is done with genetic coding. Thirdly, model evaluation standard is established. Fourthly, the operation of genetic algorithm such as crossover, reproduction, and mutation is designed. Finally, a prediction model of real underwater acoustic signal is established by genetic algorithm. By calculating the root mean square error and signal error ratio of underwater acoustic signal predicting model, the satisfactory results are obtained. The results show that the proposed method can establish the accurate predicting model with high prediction accuracy and may play an important role in the further processing of underwater acoustic signal such as noise reduction and feature extraction and classification.
Introduction
Underwater acoustic signal processing is a major branch of signal processing. As road categories of underwater acoustic signal, ship radiated noise is generated by the nonlinearity of the marine environment and hull structure together, which contains a large amount of ship target's position, distance, and depth information [1] . The complex forming mechanism of underwater acoustic signal makes it difficult to establish the accurate predicting model. The modeling of underwater acoustic signal is the foundation of the underwater acoustic signal processing. Research shows that underwater acoustic signal not only has the characteristics such as being nonlinear, non-Gaussian, and nonstationary, but also has the characteristics of being chaos, fractal, and so on [2] [3] [4] [5] . In such cases, it is possible to model the behaviour of the system and get short-term prediction of the system evolution. The potential usefulness of this approach is enormous because a wide variety of physical systems show a chaotic nature. A physical example of the above-mentioned situation is given by the physical nature of ship radiated noise.
Modeling effect has a direct impact on the result of subsequent processing. In order to establish the model of underwater acoustic signal effectively, some modeling methods are proposed. Modeling and prediction of underwater acoustic signal based on PSO and RBF neural network [6] are proposed. Experimental results show this algorithm has better performance in terms of training accuracy and convergence rate and also supports the modeling, prediction, and dynamic analysis of underwater acoustic signals. Prediction of underwater acoustic signals based on neural network [7] is proposed. Predictions of both simulated data and real ship radiated noise data are made using BP and RBF network. But those prediction methods do not give an accurate mathematical expression of underwater acoustic signal. In recent years, genetic algorithm is widely used in signal modeling. Fuel flow-rate modelling of transport aircraft for the climb flight using genetic algorithms is proposed [8] . Predicting underwater ocean noise with genetic algorithms is proposed [9] . There are few reports on the modeling of ship radiated noise using genetic algorithm. In view of this, this paper tries to propose a predicting modeling method of ship radiated noise based on genetic algorithm. dynamic system [10] . Volterra series model is the most basic model of nonlinear dynamic system [11] . In theory, any nonlinear dynamical system can be characterized by Volterra series model. In particular, when the Volterra series model is used to represent a nonlinear dynamical system, it not only has clear physical meaning, but also has strong universality. Research shows that ship radiated noise has a definite nonlinear dynamic characteristic [2] [3] [4] [5] . This conclusion provides a theoretical basis for the nonlinear dynamic modeling of underwater acoustic signal and provides a new approach for the prediction of underwater acoustic signal. The genetic algorithm has already shown itself to be robust approaches to determining the functional form. In order to get an accurate mathematical expression of underwater acoustic signal, the modeling method of ship radiated noise with genetic algorithm is proposed. First of all, a basic model framework is chosen. Secondly, each possible model is done with genetic coding. Thirdly, model evaluation standard is established. Fourthly, the operation of genetic algorithm such as crossover, reproduction, and mutation is designed. Finally, a prediction model of real underwater acoustic signal is established by genetic algorithm. Detailed procedure is as follows.
Selection of Basic Model. The Volterra series model is given by
where is Volterra model order and is variable number. A total item in (1) is 1 + + 2 + ⋅ ⋅ ⋅ + . In these items, not everyone can reflect the internal rule of time series. Too much model items will decline the model prediction performance. So a new model is formed by selecting some items based on the Volterra model. The selection of model item is accomplished by genetic algorithm.
Genetic Code.
In order to solve the model by genetic algorithm, the right items are chosen as the components of the model, and each item is needed to code.
The model item can have the general representation defined by
where ∑ =1 ≤ . Equation (2) can be represented by a vector = ( 1 , 2 , . . . , ) . Such vectors are composed of a matrix which means a model. Each column vector of the matrix represents an item of the model, and the column number of the matrix is the item number of the model.
Model Evaluation Criteria.
In the process of establishing the prediction model of the measured underwater acoustic signal, the prediction accuracy can be used as the evaluation criteria of the model. In this model, the model coefficients are calculated by the least square method. So the prediction precision of the model is increased with the model item. But actually increased polynomial does not necessarily reflect the inherent laws of the data. In order to solve this problem, a part of data is selected as the training data, and the rest is used as the evaluation data. For a certain model, the model coefficients are calculated by the training data and the least square method. The prediction error of the model which is calculated by the evaluation data is used as the evaluation criterion of the model.
Genetic Operation.
Cross breeding is as follows. These items of the two models are sorted, respectively, according to certain rules. In two sequences, a crossover point is randomly selected; then the second half of the sequence is exchanged, so that two new models are obtained, which are the offspring of cross breeding.
Genetic variation is as follows. Firstly, one item of the model is randomly generated. Secondly, the original one of the model is randomly replaced. Lastly, genetic variation is completed.
Establishing Prediction Model.
Combined with the optimal individual encoding and these coefficients, the mathematical expression of underwater acoustic signal is established.
Modeling of Measured Underwater Acoustic Signal
In the South China Sea, three types of ship radiated noise are measured in the same sea condition. They are, respectively, the first type of ships, the second type of ships, and the third type of ships, as shown in Figure 1 . The sampling frequency of the ship signals is 20 kHz. The sample length of the data is 2048, and there are 50 samples for each type of ship data.
In the prediction, 6 points are used, the time interval between each point is 1, the population size is 60, the reproduction algebra is 20, and the alienation probability is 0.03.
The modeling process and results of three types of measured underwater acoustic signal are given, respectively, as follows. 
Modeling of the First Type of Underwater Acoustic Signal. Optimal individual encoding is given by
Mathematical Problems in Engineering The first line to the fifth line represent, respectively, ( − 1), ( −2), ( −3), ( −4), and ( −5). The first column to the seventh column represent that the mathematical expression has seven components after modeling. The numerical value is 1 for its own, and the value is 2 for the square of its own. For example, the sixth column is 0 0 1 2 0. That is, the sixth item of the mathematical expression after modeling is ( − 3) ( − 4)
2 .
These coefficients obtained by the least squares method are 2.1129, −1.9148, 1.0187, −0.2583, −0.6330, −0.5970, and 1.2200.
Combined with the optimal individual encoding and these coefficients, the mathematical expression of the first 
where ( ) is the signal amplitude. Measured signal and predicted signal for the first type of real ship radiated noise are shown in Figure 2 . To facilitate comparison, only the first 200 points of the waveform are drawn.
In the same way, optimal individual encoding for the second type of underwater acoustic signal is given by 
where ( ) is the signal amplitude (Figure 3) . In the same way, optimal individual encoding for the third type of underwater acoustic signal is given by 
where ( ) is the signal amplitude ( Figure 4) . In (1), Volterra series have a lot of items. By genetic algorithm, some items are discarded, and others are kept. Then these coefficients are calculated by the least squares method. Lastly, the mathematical expressions of underwater acoustic signal are obtained such as (4), (6) , and (8).
Results and Discussions
In order to quantitatively analyze the effect of underwater acoustic signal predicting modeling method with genetic algorithm, the root mean square error and the signal error ratio are used. The root mean square error (RMSE) and the signal error ratio (SER) are, respectively, defined by
where ( ) represents the measured value at moment and ( ) represents the predicted value at moment. The root mean square error and signal error ratio of the prediction are shown in Table 1 . It can be seen from Table 1 that modeling method of ship radiated noise with genetic algorithm is feasible. When the ups and downs in the time domain waveform change little, such as the first type of underwater acoustic signal, its modeling effect is best, because the root mean square error and the signal error ratio are 0.0428 and 14.7 dB, respectively.
Three types of underwater acoustic signal are modeled, respectively, by genetic algorithm, and the corresponding mathematical expressions are given, which will play an important role in the subsequent processing of underwater acoustic signal.
Conclusion
In this paper, we employ recent developments on nonlinear physics and time series prediction to study the physical characteristics of measured underwater acoustic signal. Specifically, we examine the predictability of a sample of ship radiated noise recorded in the South China Sea. To do that, an approach based on genetic algorithms has been employed. By calculating the root mean square error and signal error ratio, the satisfactory results are obtained. The results indicate that the proposed modeling method has higher prediction accuracy and is the foundation for the further processing of underwater acoustic signal such as noise reduction, feature extraction, and classification.
